Hepatitis C virus (HCV) transmission has decreased with the adoption of universal blood donor screening and social policies to reduce the risk of infection in intravenous drug users, but remains a worldwide health problem. The objective of this study was to evaluate the phylogenetic relationships among sequences from different HCV genomic regions from sexual partners of infected patients. Nine couples with a stable relationship and without other risk factors for HCV infection and 42 control patients were selected, and the NS3 and NS5B regions were analysed. Phylogenetic analysis showed that viruses from five of the couples had a common origin, clustering in the same monophyletic group, with bootstrap values greater than 70. For the other couples, monophyletic groups were observed, but without bootstrap support. Thus, using two different viral genome regions, a common source of infection was observed in both members of five couples. These data strongly support HCV transmission within couples.
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Hepatitis C virus (HCV) infection constitutes a major health problem throughout the world and is related to severe liver cirrhosis, end-stage liver disease and hepatocellular carcinoma (Chevaliez & Pawlotsky, 2007) .
The only member of the genus Hepacivirus of the family Flaviviridae, HCV is an enveloped virus with a positivesense, single-stranded RNA genome of approximately 9.6 kb, encoding a single polyprotein of approximately 3000 aa that is cleaved into structural and non-structural proteins. HCV is classified into six genotypes, HCV-1 to -6, with each genotype further subdivided into subtypes, such as HCV-1a and -1b (Simmonds, 2004) .
Although intrafamilial transmission is not well documented, several studies have reported sexual and vertical transmission and close contacts as sources of contamination (Cavalheiro, 2004; Cavalheiro et al., 2009; Chiaramonte et al., 1996; Keiserman et al., 2003; Mastromatteo et al., 2001) . Sexual transmission is not well determined, although studies have indicated a low effectiveness of infection via this route (Akahane et al., 1994) . The estimated risk for sexual transmission is 0-0.6 % year 21 for partners who maintain monogamous relationships for a long period of time, and 1 % year 21 for those with multiple partners (Terrault, 2002) . Some studies show high serum anti-HCV positivity rates among sex professionals, men who have sex with other men, and healthcare professionals (Nakashima et al., 1992; Ndimbie et al., 1996; Thomas et al., 1995) . If the index case is co-infected with human immunodeficiency virus (HIV), the sexual transmission risk is higher (Filippini et al., 2001) .
As with sexual and vertical transmission, occupational exposure has been documented but is rare (Alter, 2002; Alter et al., 1999) . At least 10 % of HCV-infected patients do not report exposure to any of the known risk factors, and these are considered sporadic cases. Detailed molecular analysis may be able to establish the common ancestry of viruses circulating in a family and to support the hypothesis that close familial contact and sexual intercourse are important methods of HCV transmission. The present study had the objective of supporting the hypothesis of horizontal transmission within couples.
Patients chronically infected with HCV were recruited at the Gastroenterology Department of the University of São Paulo School of Medicine, São Paulo, Brazil. The study group comprised nine couples within a stable relationship infected with HCV genotypes 1 (n512) and 3 (n56), with a mean age of 49.8 years (see Supplementary Table S1 , available in JGV Online, which shows the data on the epidemiological risk factors related to HCV transmission from their hospital files). As a control group, 42 HCV RNA-positive outpatients were selected. Controls harbouring genotypes 1 and 3 who did not have a close relationship with the members of the study group were selected. These patients had a mean age of 51.9 years, and the HCV transmission routes found in the study group were also included in the control group. Serum samples were collected for routine HCV detection and stored at 280 u C. HCV RNA was detected using commercially available kits (Amplicor 2.0; Roche Molecular Systems), and genotypes were determined by analysis of the 59 untranslated region (59UTR) (Campiotto et al., 2005) . Written informed consent was obtained from all patients, and the study protocol was approval by the ethics committee of the University of São Paulo.
Total RNA was extracted from plasma samples using a QIAamp Viral RNA kit (Qiagen) and cDNA was produced using reverse transcriptase (Invitrogen) with random hexamers. For amplification of the NS3 and NS5B regions, a nested PCR was performed and the products were sequenced using an ABI Prism 377 DNA Sequencer (Applied Biosystems). The primers are shown in Supplementary Table S2 (available in JGV Online).
All consensus sequences were obtained with the Phred, Phrap and Consed programs Gordon et al., 1998) , and multiple alignment of NS5B and NS3 sequences was performed using CLUSTAL_X (Thompson et al., 1997) and edited using BioEdit (version 7.0.5.3; Hall, 1999) . The sequences of the NS5B region obtained were compared with reference sequences from GenBank.
Likelihood mapping analyses were performed using the TREE-PUZZLE program (Strimmer & von Haeseler, 1997) separately for NS5B, NS3, and NS5B plus NS3. For each analysis, 10 000 random quartets were evaluated.
The sequences obtained (18 study group and 42 control group NS5B sequences; 14 study group and 42 control group NS3 sequences) were analysed against the reference sequences, resulting in alignments of NS5B, NS3 and a concatenated NS5B-NS3. Topologies were estimated from each alignment using the distance and maximum-likelihood methods using PAUP* version 4.0b (Swofford, 2002) . The best DNA substitution model (TrN+I+G for NS3 and NS5B plus NS3, and TrNef+I+G for NS5B) was estimated using MODELTEST version 3.06 (Posada & Crandall, 1998) , and 1000 bootstrap replicates were performed (Felsenstein, 1985; Zharkikh & Li, 1995) . Nucleotide sequence similarity analysis of all sequences for the NS5B and NS3 datasets was performed using MegAlign version 3.12 (DNASTAR).
The phylogenetic analysis showed that five patients had HCV genotype 1a, seven had genotype 1b and six had genotype 3a. Except for couple 9 (CF 09F, genotype 1b and CF 09M, genotype 1a), all couples showed concordance between genotype and subtype. The controls were selected as three groups of 14 patients with genotypes 1a, 1b and 3a.
The NS5B sequence of the nine couples was approximately 350 nt. However, for the NS3 region, we were unable to achieve successful amplification for two couples (CF 04 and CF 09).
We analysed separately the NS5B (344 nt), NS3 (619 nt), and NS3/NS5B (960 nt) regions of the couples and controls and compared them with sequences in GenBank. Fig. 1 shows the results of the sequence likelihood mapping analysis. The NS5B region presented a phylogenetic signal of 92.9 % (Fig. 1a) . The NS3 region presented a better signal (94.8 %). When we analysed the two regions conjointly, we observed an improvement in the signal, reaching 96.1 % (Fig. 1c) .
The NS5B and NS3 sequences of couples and controls generated in this work were aligned with reference sequences to perform the phylogenetic analyses, using the genetic distance method with neighbour-joining algorithm (data not shown) and the maximum-likelihood method with a heuristic algorithm. Of the six analyses performed using sequences from the different regions and different methods, the sequences of couple 8 were the only ones to show the same origin, with a significant bootstrap, in all six analyses. Couples 3, 6 and 7 showed the same origin in their sequences in four analyses. Couple 4 had only two analyses performed in the NS5B region, both showing sequences with the same origin ( Supplementary Fig. S1 , available in JGV Online). Clusters presenting a bootstrap value higher than 70 were considered to have the same origin. Couples 1 and 2 sometimes presented their sequences in a monophyletic branch but without bootstrap support. The sequences of couples 5 and 9 did not share the same origin (Fig. 2) .
Phylogenetic studies are used to help in performing detailed molecular epidemiology studies, which in turn help in understanding the transmission chains of infectious agents such as viruses (McCormack & Clewley, 2002) .
Parenteral transmission is the most frequent method of HCV transmission, as about 10 % of carriers do not report any risk factors. Although there is some controversy, it is suggested that the presence of HCV in bodily secretions is a source of transmission, whether by close contact in familial relationships or by sexual intercourse.
Several studies have raised the hypothesis of sexual and intrafamilial transmission of HCV, albeit at much lower levels than with hepatitis B virus and HIV (Eyster et al., 1991; Llibre et al., 1992; Mohamed et al., 2005) . It is hard to show that HCV has been acquired by sexual intercourse or by contact with a close relative based only on an epidemiological evaluation without using any molecular biology tools, which may account for the previously published controversial data. However, molecular information can provide more precise information about epidemiological linkage.
In previous studies, we observed that, in a number of couples with HCV of the same genotype, only one of the spouses provided information about a known source of contamination. Thus, we performed a detailed investigation using molecular analysis, after retrieving data from their medical charts, according to the criteria of Leitner & Albert (2000) and Ross et al. (1999) .
Couples with the same genotype were selected for the study, as assessed by sequencing of the 59UTR region; however, when we analysed the NS5B region, we found that couple 9 had different subtypes (1a and 1b), and information was only available from the husband's medical chart, indicating that he was genotype 1a.
Analysis of the NS5B region increases information compared with previous studies using the 59UTR. Simmonds (2004) showed that characterization of HCV variants by 59UTR sequencing can present a subtype divergence of around 10 %, because there are very few informative sites in this region (Simmonds, 2004; Simmonds et al., 1996) . Therefore, if the sequences of this region do not discriminate different viral subtypes, the analysis of transmission chains is even more prone to a lack resolution when based only on the 59UTR. Thus, using a more informative region is needed for a better characterization of virus transmission.
These results confirmed that information regarding the viral genotype alone and the mere evaluation of epidemiological data are insufficient for affirming that sexual and intrafamilial transmission occurs. This is particularly valid for HCV, because there are subtypes that are prevalent in the population of most parts of the world (1a, 1b, 2b and 3a) (Caporaso et al., 1998) . In Brazil, genotypes 1 and 3 are the most prevalent, which makes it difficult to perform intrafamilial transmission analyses using this region only (Campiotto et al., 2005) .
In an attempt to elucidate whether the origin of the viruses of the infected couples was the same, we evaluated the phylogenetic relationships of different genome regions from both samples.
Reconstruction of a phylogenetic tree using only the sequences of the study samples would not have been informative. To improve the phylogenetic signal, controls were used that were known not to be related, but who circulated in the same background environment.
There is no consensus about which HCV genomic region should be used in such studies. Several regions, such as the core, NS5B, envelope and NS3, have been used (Cavalheiro et al., 2009; Chayama et al., 1995; Honda et al., 1993; Ross et al., 1999) . It is important to note that the choice of region is of fundamental importance. The different regions of the HCV genome present different evolutionary dynamics and, consequently, different relationships can be inferred among sequences. There are regions that encode proteins that are highly exposed to the host immune system and undergo constant mutations, whilst others encode functional proteins and are less variable, providing different conclusions. Studying at least two genome regions with different evolutionary dynamics is needed (Leitner & Albert, 2000; McCormack & Clewley, 2002; Ross et al., 1999) . Salemi & Vandamme (2002) analysed the phylogenetic signal of the different HCV genes and found that the region with the best signal was NS5B, followed by the NS3 region. The core and envelope regions, suggested by different authors, did not produce the best signal. The authors suggested that NS5B and NS3 can be safely used when the complete genome sequence is not available.
Based on the information above, we analysed the NS5B and NS3 regions. We used likelihood mapping, performed by the TREE-PUZZLE program, to access the NS5B and NS3 phylogenetic signal (Strimmer & von Haeseler, 1997) . The values were similar to those found by Salemi & Vandamme (2002) .
To try and obtain a better phylogenetic signal, we also analysed the two regions together. The 960 nt fragment obtained by joining the two regions resulted in 96.1 % fully resolved trees. This result is close to the percentage that has been obtained by analysing complete genomic sequences (96.7 %) (Salemi & Vandamme, 2002) . Other authors have suggested that similarity can indicate a common origin, indicating intrafamilial or sexual transmission (Chayama et al., 1995; Honda et al., 1993; Kao et al., 1992; Ross et al., 1999) . However, the similarity found among sequences varies according to the region and the fragment size. In the present work, the similarity mean found between the sequences of the study couples for the NS5B region was 95.45 %, and the couple with different subtypes presented 78.2 % similarity. Without this couple, the region similarity showed 97.65 % similarity (96.8-99.1 %). For the NS3 region, the similarity mean was 97.24 % (94.7-99.2 %). The similarity between the local controls and references varied from 53.9 to 98 % (mean 72.9 %) for NS5B and from 61 to 98.2 % (mean 74.8 %) for NS3. These results show that close similarity values can be found among sequences of completely different origins, indicating that inferring the same origin for two viral strains based only on similarity analysis does not provide adequate detail. Chayama et al. (1995) found 91.4-99.8 % similarity for a 606 nt fragment of the E1 gene in sequences from eight HCV-infected couples. The five couples who were considered to have virus of the same origin presented similarities between 97.3 and 99.8 %. For the other three couples, the authors were unable to confirm the origin of strains, despite their similarity of 91.4-92.4 %. However, in this work, only three local controls were included, representative of the period in which the couples were selected, and no similarity analyses were carried out for these. Thus, it is not possible to evaluate the similarity found among strains from carriers who were not related to the study cases or who had no contact with them.
The topologies obtained with the different methods resembled each other in the cases in which we found bootstrap values over 70, except for the NS3 region of couple 2. The results of these analyses suggest that the origin of the viruses of couples 3, 4, 6, 7 and 8 was the same. In all cases, the region that presented the best genetic information showed that the two sequences had a common origin, with bootstrap support (McCormack & Clewley, 2002) .
Despite the patient charts of couples 1, 2 and 5 indicating the possibility of intrafamilial transmission, our phylogenetic studies did not support this hypothesis.
Couple 9 exhibited a high probability of different sources of infection, as in all analyses the sequence profile indicated two different subtypes.
Interestingly, combining the NS5B and NS3 regions was indicated as the best option for transmission study analyses. In some cases, this analysis was not sufficient to elucidate whether the origin of the different viral strains was the same. However, adding other regions may help to clarify this issue.
This study suggests that couples can be infected with viral strains that present monophyletic relationships, indicating a common source of contamination; however, we had no means of assessing whether this contamination was due to sexual intercourse or to other forms of close contact.
